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Conversion factors for U.S. customary
to metric (SI) units of measurement

To Convert From To Multiply By
angstrom meters (m) 1.000000X E -10
stmosphere (normal) kilo pascal (kPa} 101325 XE 2
bar kilo pascat (kPa) 1.000 000 X E +2
bam meter® (m%) 1.000 000 X E -28
British thermal unit (the rmoche mical) Joule () 1.054 350 X E 3 i
calorie (thermochemical) joule (J) 4.184 000 |
cal (thcrmochemicnl)/cmz mega ’oulc/mz (MJ/mz) 4.184 000 X E -2
curie *giga becquerel (GBq) 3.700 000 X E «1
degree (angle) radian (rad) 1.745329 X E -2
degree Fahrenhent degree kelvin (K) = "0+ 458.67)/1.8
electron volt joule (J) 1.60219 XE -19
erg joule (J) 1.000 000 X E -7
erg/sccond watt (W) 1.000 000 X E -7
foot meter (m) 3.048000 X E -1
foot -pound -force joule (N 1.355 818
gallon (U S liquidh meter® (m3) 3.785 412 XE -3
inch meter (m) 2.540 000X E -2
| derk Joule (J) 1.000 000 X E +9 '
joule Ailogram {J %g) (radiation dose
absorbed) Gray (Gy) 1. 000 000
kilotons terajoules 4.183
kip (1000 1bf) newton (N) ’ 4.448 222 XE 43
Kip /inch® (ksi) kilo pascal (kPa) 6 894 757 X E +3
kup newton-secand /m>
(N-s/m?) 1.000 000 X E +2
micron meter (m) 1 000000 X E -6 i
mil meter (m) 2.540 000 X E -5 }
mile (international) meter (m) 1.609 344 XE +3 ;
. ounce kilogram (kg) 2.834 952 X E -2 !
© pound-foree (b avourdupors) newton (N) 4448 222 !
i pound-force inch newton-meter (N-m) 1120848 X E -1 l
: pound{orce - inch newton /meter (N/m) 1751268 XE +2 ;
pound ~force Toot™ kilo pascal (kPa) 4 788026 X E -2 |
p\\;.nd-lc\n‘c_'ull‘hz psi1) kilo pascal (kPa) 6 894 757 .
. pound-masxs (Ibm avoirdapois) kilogram (kg) 4.535 924 XE -1 \
, pn.md-mnss-fml: tmoment of incrtia) kilogr:l;,l-meler :
(kg -m?) 4.214011 XE -2
pound -mass Toar® kil:grnm/metera ;
(kg /m3) 1.601 846 X E 41 !
rad trnhiation dose absorbwed) ssGray (GV) 1.000000 XE -2 |.
. roentgen coulomb /kilogram .
' (o] 2.579 760 X E -4 |
. shake second (s) 1.000 000 X E -&
v oshy kilogram (kg) 1.45939%0 X E +1 1
| terrumm g, 000 kilo pascal (kPa) 1.33322 XE -1 _J
*The teequerel (Bg) s the ST unit of radicactivity; 1 Bq = 1 event/s.
**The Gray (Gy) s the 81 umit of absorbed radiation.
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1. Background and Summary: Overview

To compute the response of the earth to explosions below .' 

or near its surface, discrete analogs are written of equations ‘{ﬁi?
that govern continuum motion. Among them are analogs of consti- 4"b-&
tutive relations that define the mechanical behavior of geologic :
solids. From the time computers became powerful enough to make
such geo-modeling practical (~1955-1960), it has differed in ome
major respect from other parts of numerical countinuum mechanics:
The accuracy of model-predictions is limited mainly by defects in
constitutive relations. At a time (for example) when computed
fields of viscous compressible fluid motion were approaching
wind-tunnel accuracy (Kitchens, 1972), critical ad hoc assumptions

had to be made about material behavior to account for far simpler

motion observed during bursts in material as ideal as dome- -
salt (Trulio et al, 1975). They still do. R

Typically, differences between computed and observed iiiﬁﬁ

’ motions have been explained as due to physical processes not in- SRR
fﬁf cluded in a given model; typically also, experiments have not been éﬁ;;&
- performed to verify such explanations independently of the observa- Qi&;i
if tions that evoked them (they remain ad hoc). There has thus 3;"




accumulated a set of at least ten major model-elements (e.g., non-
linear elasticity; the Appendix), each offering modelers wide latitude
in matching known motions (''postdiction'); at the outéet, there wer -
perhaps four. The many postdictions made to date have, by and

large, succeeded - but the reverse is true of pre-shot predictions

for the handful of explosive events in which they have been tested

against measured motions,

The course being taken to model explosive events is eviden-
tly open to criticism, and some of that appears below. However,
the aim of this paper is not to carp, but to map a more promising
course - one that, in a few years, can either yield reliable
predictions of explosively-driven motion or tell us that, in all
likelihood, no such predictions can be made.

By way of explanation, suppose that in each prediction-test
conducted to date, a given model had proven accurate - correct,
say, to within 10-207 in both peak velocity and displacement
throughout the regions instrumented. Even then, the model's re-
liability would be in doubt for a burst differing in gross ways
from the test-events (e.g., in burial depth, charge distribution
and/or yield); after all, extrapolations commonly disclose the
limits of validity of theories (and nature's surprises). However,
doubt would largely vanish if the stress-strain curves traced by
material in the new (computed) field closely matched those of the
previous test-events. Again, if stress-strain curves unlike those
seen earlier occurred widely in the new field, they still might
prove to be followed closely in the laboratory or - better - in
situ; confidence in the predicted field would then approach cer-
tainty. On the other hand, the measured curves could differ
greatly from those calculated. The causes of the differences
would then have to be found by testing one or more of the model's

elements under conditions set by the wayward curves - and, after

g e
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similar tests of their validity, equations might have to be added

to the model to account for physical processes previously ignored.

As matters stand, model-predictions rarely approach the
accuracy just presumed. Also, i) the standard data-base for pre-
diction comes from a few laboratory tests in which the stress-
strain curves traced run far from those qf the fields pre-
dicted, and ii) infinitely many stress fields (and hence models)
permit exact postdiction of a given field of motion. Hence, stan-
dard practice has taken us but a small step toward model vali-
dation of the kind just described. Yet, such validation (or
equivalent) is vital if conventional methods are to yield models
that can be counted upon for accurate prediction of explosively
driven ground motion. For, of necessity, the aim of those methods
is not simply to make correct predictioms, but also to identify
each important physical process triggered by explosions, write
eguations that correctly describe it, and combine the resulting
equation-sets in a theoretically sound way (e.g., in accord with
the entropy principle). 1In short, if the predictions of models
like those used now arz to be trusted, they must be right for the

right mechanistic reasons.

Ultimately, correct mechanistic models are the objects
sought, How long it will take to find them can only be guessed,
but it must be admitted that validating all important model-ele-

ments for geo-materials is a major enterprise (the Appendix). Yet,

reliable predictions are needed now. To get them, another approach

can be taken to modeling which, due to its very empiricism, may
also speed the process of mechanism-validation. In particular,
study of the stress-strain curves on which attention must center

in certifying mechanistic models, has shown that the kinds of defor-

mation material undergoes are a) determined more by burst geometry

-————

.l" P
A
RPN e
PR PR el
Lt R A
PP AW aded s g

e
,
A ol




..............................

BN U

- than constitutive properties, and b) dominated by a few fairly
3 simple kinds of strain. To be sure, there are limits to the
i truth of a) and b); however, for deep, néarly spherical bursts
ﬁ those limits are more conjectural than real - and even for surface
- bursts they lie well beyond the range of validity of present s
computational models. -
i Findings a) and b) form the basis of strain-path modeling, '.‘?
whose hallmarks are these: Most of the stress-strain curves needed o
for accurate prediction of motion at a given site are obtained by
measuring stress along the kinds of strain paths already known to
F dominate explosively driven fields, Mechanistic models are then L
required to reproduce the measured curves, if they can. If they
cannot, then the stress-strain data needed for accurate prediction
(having been measured) are forced into them in openly ad-hoc ways.
At the same time, their authors are presented, in stress-strain s
form, with specific conflicts between actual data and their consti- T
tutive equations. Any improved understanding that results trans- o
lates at once into better models for predicting ground motion due to el
explosive loading - a result that plainly benefits organizations
whose missions call for such predictions. Another similar benefit T
arises in dealing with differences between material in the labora- ;ifit
tory and in situ, which pose a basic problem for all modeling: For
most strain-paths of the dominant set, stress gauges may finally
be at hand with which to quantify those differences, so that sample-

and-lab-test procedures can be revised accordingly.

A designer of footings (for example) may see little hope
for help in such a program, but it could also be held that
better knowledge of the mechanisms of soil response will have ‘
across-the-board benefits. Indeed, developing valid special-pur- :.‘~
pose models of geo-materials could prove an efficient way to j;it{;
arrive at all-purpose models, and strain-path methods may find S

fruitful application in other branches of materials science.




o

However that goes, the fact is that even well-tested mechanis-
tic models can fail if used for long extrapolation. Hence, when
the jump is made to predicting the effects of a nuclear explosion Pt
at a given site, it must also be verified experimentally that R
the stress-strain curves traced by material in the calculated
field really do apply to the material at that site. Fortunately,

5j the job may not have to be done for more than a few sites; the iy
: evidence is already strong that strain-path shapes are not greatly fﬁ

ﬁé altered by a change in source-type from chemical to nuclear (burst ;;
geometry outweighs that change). The economic stakes alone easily ;’.:*“

y? suffice to justify the cost of such verification.
k-: 2, Prediction and Postdiction Eii;f

On occasion, calculated free~field motion is made available

for a given event before it occurs. In that case - if the event
does not merely copy an earlier one - a model's predictive power
can be tested. A prediction of that sort for the Hudson Moon HE
Experiment (Bjork, 1972), proved as accurate as any yet made. The
calculated field was spherical, and for practical purposes the
actual field probably was also. Predicted and actual pulses from
the event are shown in Fig. 1 for the smallest and largest radii
of measurement (1.05 m and 3.82 m), and an intermediate one. The

outermost gauge may well have been placed at a smaller radius than T
| intended (Bjork, 1972, p.23), but even then calculated pulse-peaks ~‘"5]
e drift below those measured, as radius increases. Indeed, though
A uncommonly accurate, the calculated pulses as a whole tend to

decay faster with range than those.measured, from mid-range or :}§54
less (~1.68 m) outward. ,ii )

Harder to assess is the decision of the shot's designers to

measure radial stress, Op that task, whose subtlety was not
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well understood in 1971, is only now becoming feasible for spher-
ical fields in geo-solids. Nevertheless, these measured stresses
could be substantially correct, especially at the smaller gauge-

ranges, because they generally exceed by far the material's fail-

ure limit, Y : |cr-ce|SYox 35 MPa, in the laboratory [o,= hoop

stress]. Thus, over most of the space-time domain of measurement, °

the medium was more a fluid than a solid. Principal stresses were ? -f;
of course measurable in fluids before 1971, and calculations of i: o
fluid motion were quite reliable by then; as already noted, mazy ;._;f
fluid motions have long been predictable using computational -’._i

models like the ones applied to ground motion problems. Further,
while radial stresses at the two greatest gauge ranges were only
about as large as Yo much of the time, motion there was driven by

the predictable quasi-fluid field found at somewhat smaller ranges.

The main goal (and problem) in modeling geo-materials is to
describe the effects of shear accurately when stress gradients have ®
strong deviatoric components. The match between predicted and -
measured pulses in the field of Fig. 1, which is especially close

at the smaller gauge-ranges, would be clear evidence of such power

if octahedral shear stresses at gauge-ranges were about as large as -9

mean stresses, Actually, for the most part, they were much smaller

(though a little shear was astutely observed to have sizable effect
on mean stress (Bjork, 1972, p.5)). On the other hand, for the
Diamond Dust event (also in tuff; Sauer and Kochly, 1971), the T
maximum possible shear stress, %Yo, was greater than a third of I
the mean stress at even the smallest gauge-range. Also, pulse-

amplitudes varied by almost twice the factor seen in Fig. 1 (radial

velocity was measured, as usual, rather than stress). Moreover,
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in the model used to predict Diamond Dust motion, the dependence
of mean stress on compression was found from hydrostatic tests

alone - whereas a major result of the later Hudson Moon HE

L




Experiment was that uniaxial strain data are more germane to nearly
spherical bursts., Despite these drawbacks, the pulses predicted for
b Diamond Dust were about as accurate as those of Fig. 1 (Trulio and
~ Perl, 1974, p.48-53). Computed peak velocities did depart from the
; observed power-law decrease with range, and, at the farther ranges,
predicted pulses decayed more slowly than those measured - but the
errors were not larger than in Fig. 1. Still, when all the experi-
mental and modeling procedures followed for Diamond Dust were used
again for the Diamond Mine event (Sauer and Kochly, 1972), the pre-
dicted Diamond Mine pulses were much less accurate than for Diamond
Dust (Trulio and Perl, 1974, p.96-107) - although the two bursts
took place only 190 m, and 7 weeks, apart. Indeed, even the grout
columns that housed the gauges again ran radially outward from shot-

point.

The Piledriver event in Climax granite (1964) came too
early in the models' development to make their predictions (if any)

informative. Yet, with regard to Piledriver motion (Hoffman and

Sauer, 1969), one truly noteworthy point has emerged: To this day,

no models can account for it without critical ad hoc assumptions.
The Cowboy shots in dome-salt (Murphey, 1960) present an even more

striking case in which postdiction is not supported by independent

vy

v
. T &
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measurements of the host medium's properties. Specifically, before
1975, the models' verdict was that dome salt would behave elastically E§§~~“
once it stopped failing in shear. Also, according to all laboratory ’
(Heard et al, 1975) and field (Terhune and Glenn, 1977; Perret g ;1;?
1967) measures of the strength of salt (then and now), no shear N

failure occurred in the roughly spherical Cowboy fields at radial

stresses below 35 MPa, Yet the measured radial-velocity pulses ) ';:
made it clear that deformation was far from elastic at 1% of 3

that radial-stress level., [Note: Early work on the salt problem ,éffjfﬂ

showed that pore collapse can give rise to highly inelastic decay

12




P R T e 7o y v - YT T
B - e et RN A O e e e So Ao S MU IS S oun ee o s Sr-n o

‘of pulses of any amplitude, even for porosities as low as dome-
salt's (~1%) (Trulio et al, 1975, p.41-68; since confirmed by others).
While no pertinent measurements have been made, that mechanism is

not a likely cause of the inelastic behavior seen at low stresses
in Cowboy salt, and in almost every geo-material observed at simi-
lar stresses during explosions.] Later, the large effects of

inelastic decay were starkly displayed for radial stresses
>.05 MPa (the lowest Cowboy level) (Trulio, 1978). However, for
those studies, the key issue was linearity rather than elasticity

_: (Trulio, 1981a), and laboratory and in situ testing was initiated s ]
- in 1981 to resolve it. Analysis of the resulting in-situ data .‘j
Eﬁ has barely begun, but the laboratory answer is this: Deformation E:ﬁfﬂ
- is strongly nonlinear in dome salt down to .1 MPa of live stress, ;sii;

and weakly nonlinear (slowly tending toward elastic behavior) as f:“d

far below that as the data reach (~.001 MPa) (Tittmann, 1983).

Given the fact of inelasticity at low stress, models were iifﬁ;

adjusted: To better match measured Cowboy motions, Y° was cut

@
17-fold to 40 bars (Rimer and Cherry, 1982; the resultant break TR
to linear elastic decay at o ~ 4.5 MPa remains at odds with both ;§3ﬁ3

Cowboy motion and the laboratory results above). The rationale
for the cut was that dome-salt is water-saturated, and hence
has no frictional strength, in accord with effective-stress

theory. However, all analyses of Cowboy salt showed that it was AN
very dry; also, many competent persons familiar with the Cowboy ;ﬁ;ﬁ
medium were consulted and all of them rejected the idea that it ,!,4
was saturated, or even wet (ATI file, 1980). By con‘rast, sat- :
urations well above 907, are needed experimentally to eliminate ?iij

frictional strength in soils and rocks. Moreover, while effec-

‘75; tive-stress theory predicts such a loss of strength in materials
whose solid skeletons are softer than water, the same loss would
conflict with effective-stress theory for rocks of low poros- SRS
S ity (5 1%) ~ even if 1007 saturated - because their skeletons j; =




!
have always proven much stiffer than water. The same procedure

o has nonetheless been used to better match Piledriver motion

! (Cherry and Rimer, 1982).

ﬁ For surface bursts, prediction began very poorly with

& events Middle Gust (Wright, Sandler and Baron, 1973) and Mixed

i Company (Ialongo, 1973), on clay/shale and siltstone/sandstone

b media, respectively. However, in perhaps the only other documented
surface-burst prediction, accuracy approached that of Fig. 1 for
the few near-surface pulses computed and reported (Misers Bluff

l Event II-1; Thomas, 1979). Yet, two caveats are in order, besides §¢¢;§.

= the dearth of comparisons between predicted and measured pulses:
g In the first place, prediction accuracy fell with distance from
: ground zero, and the extent to which fluid motion was observed out
to the two stations of high accuracy is an open question. Sec-

ondly, motions were known beforehand for many relevant shots fired

earlier on desert soils (five at the Misers Bluff site); what

can be left to predict after several similar fields have been
measured, is a sticky question that keeps growing in importance
(it might best be answered by basing a purely empirical predic-
tion on those fields). Nevertheless, the field predicted for

Misers Bluff Event II-1 was much more accurate than those for
Middle Gust and Mixed Company. In addition, motion is said to

have been forecast well at the edge of the crater dug by a burst

on desert alluvium (Mill Race; 1981), and on a grout/wet tuff
medium (Mini Jade; 1983); as yet, results are not available in
print for either field, but the medium in each was quite likely
quasi-fluid from ground zero to almost all gauge statioms.

As for postdiction, modelers may have produced an accur- };}?]J
ate account of motion for Middle Gust Event 3 a few years ago, . .

after i) minor model-adjustments, and ii) sample-and-lab-test

procedures were modified, giving rise to major changes in the

material properties data-base (the new model and postdiction are
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not yet published). However, while defects of a model are dis- .‘lil
closed by its postdiction errors, accurate postdiction is all but _ iﬁ
useless as a measure of its correctness. To see why, let °ij(§’t) ;%Eﬁ]
denote stress in a given field at position x and time t, where x I
lies on a region enclosed by some surface S; also, let oij(g;t) be ;,
any time-ordered sequence of stress fields i) that satisfy the equa- L
tion of static stress equilibrium [cij’j-OJ, and ii) whose tractions ':‘J
vanish all over S. It then follows from the equations of continuum -
motion that the sum of the two stress fields [aij(g,t) + a:j(g;t)] ; -
will produce exactly the same motion as cij(§,t); neither the momen- ii;fj
tum nor density of any material element is affected by the addition N By
of c:j(g;t) to the stress field. ([Note: Temperature is affected, >".€
but has not been measured; while internal energy and motion do not -
generally suffice to determine stress, they might in spheri- L]
cal fields.] r.i

For example, exactly the same spherical motion is produced : Eﬁ
by two stress fields (°f’°e) and (Gr,ée) that differ as follows :
on the interval ryS ¥< Ty

Gg= oy + E(xst) )
T
3r= o, + (z/rz) j x £(x;t)d= (2) n,
r e
1 e
where £(r;t) is any function such that ;{gj'
2 §n}._
@

£(r;0) = 0 and x £(x3t) dx = 0 (3) o, |
r e
1 B
The first of Eqs. (3) insures that the two fields evolve from AR
i the same initial (t=0) conditions; the second dictates that ;i T
;; ar-ar at r=r, [as at r=r;; Eq. (2)]. The number of functions .c:f?
- f(r;t) satisfying Eqs. (3) is strongly infinite, and remains so kaj
};ﬁ even if we require 1) f£(r;t) to be continuous in r,t, and ii) ;'52
F~- Ge to equal gy 8t Ty and 1, [f(rl;t)-O-f(rz;t)]. %’?i‘
- S
e -.-'-..'..1
5 R
e 15 SRR
et 1
.- Ry

RN




For general fields, components of °§j are readily found as

. products of functions of the single Cartesian variables x,y and z:
e e e _ ", 1.1t e ",
o = A1 fBRT , opy = Ay,fTghT , 0g5 = AgafigTh @)
. e . 151N e . PRI e . t ot
opp = Appf'8'hY . opq = AyfUg'h o5y = Ay f'gTh

N where £(x;t), g(y;t), h(z;t) are any functions twice-differenti-
: able with respect to x,y and z, respectively, and primes (') de-
note their spatial differentiation; also

e e - . -

91 = Oq3 3 Ayq =hyy s Apt At Ay =0 G)
Initial conditions will be ungffected by aij, and its tractions
will vanish over the faces of 8 rectangular parallelepiped RP at
x=2a, y=+b, z=#c, if we require that

0 = £(x;0) = g(y;0) = h(z;0) (6)

f=0=1of"at x=ha ; g=0=2g' at y=¢b ; h = 0 = h' at z=ac (7) ~

If, in addition, f'"=0 at x=xza, g''=0 at y=ib and h''=0 at z=ic,

then stress (not just traction) will be continuous at the surface
of RP. Thus, for any spatial region in which RP can be embedded
(and heace all regions of practical concern), the number of stress
fields that will produce identical motions under the same initial
and boundary conditions is again strongly infinite.

More general static equilibrium fields are obtained if the
arbitrary space-time function W(x;t) replaces fgh in Egs. (4);

components of %3 then become weighted partial derivatives of W N
5 e _ e _ T
L ("11 Allwyyzz’ 12 Alzw:tyzz’ etc., where subscripts denote -,_.
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partial differentiation). However, only causal stress-strain
relations are strictly admissible, and any stress field consis- i;:fﬁ
tent with a given field of motion must be tied to the strain o
field implied by that motion. The added constraint of caus-

- ality is too broad to discuss here, but enough progress has been

made with it to show that there is no limit to the number of

causal stress-strain fields consistent with a motion-field.

There are at least two special motions (uniaxial and non-

radial-cylindrical) that uniquely determine a single stress com- T
ponent. Otherwise, by forcing a constitutive model to reproduce ;Tifﬂ
a given field of motion, we get just one of an infinite set of e
models that reproduce it. Within said set, departures from the

stress-strain curves actually followed in the field can be small,

mocarate or large. Hence, a constitutive model that does not
reproduce the motion observed will generally be more accurate than

many models that do (the accuracy of a constitutive model is set

by its stress-strain curves, not by the motions those curves imply). ;iiéj
The fact that correct postdiction of a field of motion flows from 7f?f]
certain mechanistic assumptions therefore cannot rationally be S
taken as evidence of their validity; the job of validation is not ;Sf;%l

it

that easy. o
3. Strain Paths in Nearly Spherical Fields

The criteria for model-validation are clear (section 1), _
but only a detailed account of present models and their growth ' driv
can show how formidable the task itself has become. As an ex- '
ample, recall that flow rules (just one of the models' major VVf;1
elements) have evolved from Prandtl-Reuss form, to the rule '
"asgsociated" with yield surfaces (via normality of plastic strain RECERE

increments), to recent rules that forgo normality - slowly growing

complexity whose experimental basis has been very difficult to
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i establisﬁ, even in the laboratory. Thus, three hard facts make
a it unlikely that mechanistic models will soon yield reliable
predictions of motion driven by explosions in geo-solids: 1)
Their record of prediction is poor. 1ii) Postdiction is unaccep-
table as a means of validating them. 1ii) Validation of model-

-".-l‘.-":"

elements one by one for typical materials is a difficult, long-
range task that has hardly begun. . The ongoing need for reliable
. predictions - despite these facts - forced us to ask how omne
: might get them even without improved theoretical bases for models.
Accordingly, about ten years ago, we re-examined the role of
3 constitutive models in ground-motion prediction.

In calculations of ground motion, constitutive relations
serve simply to supply the stress increments produced in material
elements as they deform. To the extent that the resulting stress-
strain curves do not come from mechanistic models (i.e., from
theory), only experiments can furnish them. Of course, the idea
of measuring most of the stress-strain data needed in a computa-
tional model for reliable prediction seemed wholly impractical.
Yet, explosions clearly subject host media to highly specialized
loads, and the resulting stress-strain fields should reflect that
limitation; stress states in soil under the corner of a building
(say) are not produced by a contained, nearly spherical burst.
in the same medium. We were thus led to ask just what stress-
strain data would suffice for the sole purpose of predicting
explosively driven ground motion.

An answer was sought at first in terms of the paths traced
by material elements in stress space (''stress paths'), mainly
because attention in modeling was then focused on yield surfaces.
The spectrum of calculated paths was surveyed in terms of path-

shape and orientation, or "pattern', since those properties - and
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not amplitude - tell us what kind of loading a path represents :iﬁf
[for example, states of stress are hydrostatic not because of ;ﬁ:;%
their amplitudes, but because all three principal stresses are .C;Q¥
equal in such states (regardless of amplitude), and henee lie R
in stress space on a straight line whose direction cosines equal i
3'35 along normal-stress axes]. The study was halted, however, '.-;
when it became evident that strain paths, not stress paths, held R
the answer sought (Trulio, 1975). Once comprehended, the telltale 1;3j§
clue to that finding was the similarity of wvelocity pulses as func- ;1;,5
tions of range, from one deep burst to another, whether measured or g ’ 1
calculated, and regardless of medium. Velocity pulses from the =
Salmon event (Fig. 2; Perret, 1967) illustrate the slowly changing E
waveform typical of spherical motion from buried bursts; also shown ;;;ﬂ:
in Fig. 2 are measured pulses of material velocity for bursts in ;fﬁlj
five different media ranging from hard rock to dry soil. f;fff
To account for the similarity of the pulse shapes in Fig. 2, ;;;::

we note first that compact energy sources in roughly homo- ~ 8 . 4
geneous media create nearly spherical fields in which material is R
first driven outward from the source. Soon thereafter, strong
velocity divergence (implicit in spherical symmetry) gives rise
to inward accelerations, but inertia carries each material element

beyond its final position before its outward movement is arrested.
Then, following some inward motion, spherical convergence leads iﬁiﬁi
to outward acceleration, etc. In elastic media, the resulting *;"1
radial oscillations about final positions are heavily damped
by the loss of radiated energy; even stronger damping occurs in iﬂjﬁ}
the inelastic media nature offers. Thus, radial velocity pulses ?glﬁf
from deep shots consist of an initial positive lobe (outward 6‘,J
motion), a negative lobe of lower amplitude, and not much else.
An increase in negative-lobe size with radius, relative to
that of the positive lobe (Fig. 2; Salmon pulses), is also quite
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general. In elastic media, velocity pulses (being transients)
decay in amplitude in proportion to 1/r, while permanent dis-
placements decay as 1/r2; the opposed displacements effected by L9
each of the two velocity lobes therefore become more nearly equal o

in size as range increases. In real geo-materials, outward dis-

placements are largely inelastic where strains are large (small DR
radii), heightening the effect in question - and the tendency of
materials to become more nearly elastic with decreasing stress-
strain amplitude makes the effect almost universal (despite its

multiple mechanistic causes). P

" v’“‘? Mg .rn-,F_Tvlﬁvw

For bursts in different media, similar pulses of velocity,

o

U, and hence of displacement, D, powerfully impel strain fields
toward similarity (how strongly will soon be seen, but note that
hoop strain in a material element is very nearly D/r, while radial
strain is roughly equal to U/c; c= longitudinal wavespeed (Trulio,
1977; Workman et al, 1981, p.23)). Once that basic point was

grasped, emphasis shifted quickly from stress to strain. For, if
strain-path patterns are not medium-dependent, then stress-path
patterns must be: For example, as long as a radius of observation

remains large relative to the length of wavetrain outside that

radius (and to displacement), the strain there will be virtually
uniaxial. However, stress is then not so constrained or simple.
Even during initial shock loading and unloading, stress-path pat-

terns can be quite different for elastic media (say) than for 'fi

- bilinear (hysteretic) ones - and while the former paths (like Z. 3
:;; strain paths) are straight lines, their orientations vary with R
;i. Poisson's ratio (Trulio, 1981b, p.36-10). Attention also shifted =
? ) from stress to strain because stress-history is uniquely determined ;‘:

by deformation-history, but not the reverse (non-uniqueness attends

yielding); moreover, when different strain paths produce the same
i ' stress path in a set of material elements, the properties of those
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elements can thereafter differ greatly. In short, specifying
stress paths 1is not adequate to determine the stress-strain curves RENES

Ii followed by material in a given field.

Since strain-path patterns do not recur precisely in diff-
erent media, no strict theorem can underlie the physical plausi-
ll bility (above) of their near medium-independence. For instance,

strain-path fields are exactly known around suddenly-pressurized
spherical holes in linear elastic isotropic media, and they vary
with medium (loc. cit.). Hence, to quantify the similarity of -
:i strain-path fields, the fields themselves had to be examined. In
so doing, the shift from stress to strain had critical practical
effect: Strain paths in situ can be deduced from measured ground )
motions, whereas gauges for measuring stress in situ are still o
under development. In particular, the slow change in waveform |
with radius seen on the left of Fig. 2, and the smooth (if rapid)

fall of amplitude with range, make accurate interpolation possi-

ble among pulses differing in radius by a factor of two or more;
from discrete pulses, material velocity is thus calculable as a
function of range, and with it displacement-, and hence strain-, lﬁtg
fields. At least two interpolation procedures are in use (Seaman, ‘if;
1974; Workman et al, 1981, p.9), but the set of strain paths ob-
tained from gauge output is nonetheless small because not many
events have yielded pulses adequate to define their velocity fields.
Fig. 3(A) contains paths from those events, which took place in ; °
granite, dome-salt, a desert alluvium (Perret et al, 1963), and an
ash-flow tuff, Given spherical symmetry, strain paths can be de-
fined in full by plotting hoop strain (ordinate) vs. radial strain
(abscissa). However, for the reason cited above, only path patterns -
(shape and orientation) are so displayed in Fig. 3; in any one plot
on its left, strain amplitudes vary as much as a factor of 5 (peak

velocities on the right of Fig. 2 span a factor of ~40).

.
.'y.-..r
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e
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The events contributing to Fig. 3(A) include nuclear and
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chemical bursts, each in both tamped and cavity settings. Care was
taken to obtain (by eye) matching patterns for the two lower plots,
though closer matches are possible., The largest pattern-differences
occur toward the ends of paths, but those are the paths' shakiest
parts; ground motion gauges are prone to register non-zero final
velocities or “baseline shifts", whose correction (as in the pulses
of Fig. 2) always entails guesswork. In the upper plot of Fig.
3(A), pattern matching was minimal because granite's velocity field
was defined by just the two best-certified wholespace pulses for
that medium (Piledriver event); further, the use of those pulses

to define spherical motion may be improper, since large nonradial
motions were measured for Piledriver (Trulio, 1981b, p.12-12).
Calculated spherical fields, of course, have perfect symmetry, and
discretization error has negligible effect on strain paths, even

at their ends. Also, though unreliable for prediction, constitu-
tive models do describe materials whose behavior tracks that of
real ones. Hence, in testing the thesis that strain-path patterns
are only weakly medium-dependent, the paths from calculated fields
(Fig. 3(B)) are almost as useful as those of Fig. 3(A). The
patterns in Fig. 3(B) (none was calculated for granite) scatter
more than in Fig. 3(A) because little was done to match paths from
different fields; scatter more like that of Fig. 3(A) was seen

when, for one of the plots, paths were matched more carefully.

Fig. 3 defines, almost in full, the patterns found in near-
ly spherical fields driven by single charges. At ranges beyond
the greatest in the figures, the already flat paths flatten
further, approaching the axis of radial uniaxial strain. Moving
inward, hoop-strain-amplitude grows relative to radial-strain-
amplitude, and the loops become rounder; they also open steadily,
as decreasing fractions of peak outward displacement are recovered
(negative lobes of the radial velocity pulses shrink relative to
positive ones; above). At smaller radii than in Fig. 3, there

A
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is 1little further change in path pattern: Large outward displace- i
ﬁ ment of a spherical shell gives it both tensile hoop strain and L
compressive radial strain that exceed even its initial compressive

radial strain (uniaxial) due to shock loading; later, radial and

R e g S0 4
- PRI
i PN

hoop strains dwarf cubical dilatation, whence strain paths become
curves of almost pure shear (a straight line of slope -% in Fig. 3, °

if natural strains are plotted).

The empirical evidence that strain-path patterns are similar

-
3

regardless of medium and source type (Fig. 3) is telling, though o

not profuse. Beyond that, the case for strain-field similarity 3;;
has been strengthened greatly by showing that burst geometry under- N
lies it. Summarizing the key points (above): For reasons that %

l-.L 'l. -

are mainly geometric, a) the radius-vector is a strain axis and
the other two principal strains are equal, b) point-like sources ,}j;f
quickly radiate energy away into a surrounding wholespace, forcing .

simplicity on velocity waveforms and hence on strain-path patterns,

c¢) only uniaxial strain is seen at large radii, d) at small radii,
strain is at first nearly uniaxial and then changes to nearly pure

shear, and e) recovery from peak outward displacement becomes more - ?
complete with increasing radius, whence (plotting hoop strain vs. iiﬁi
radial strain) open paths [d)] gradually become closed flat loops
{c)]. Within these constraints, path patterns are most medium-
specific during initial straining, and on open paths. For stiffer,

ot more elastic materials, uniaxial radial compression is then partly F;’”
relieved before geometry forces further radial compression. How- -
ever, the effect is plain in Fig. 3(B), muted in Fig. 3(A), and

hence may demand a degree of elasticity scarce in real geo-materials.

;ﬁ That the paths traced in different bursts and media are sim- e
i ilar is a result of signal importance. To the extent that their e
e patterns are the same, the deformations they represent become indepen- -

!* dent of source and medium. So, therefore, do the kinds of material ’;u;

I 25 L
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properties tests needed to supply stress-strain curves sufficient

for reliable prediction. Also, since the path-patterns in those

tests form a simple set, interpolation among them may be accurate
even if only a few are traversed. True, amplitude can be uncertain
by as much as an order of magnitude for a given path-pattern, but
mainly because path-shape (like velocity waveform) is insensitive

to amplitude: Using peak-strain-ratio (hoop/radial) to measure

the shapes of paths with radial-strain recovery of 507 or more (as

in all but the top plots of Fig. 3), shape was found to vary by a
factor <2 at fixed amplitude (Fig. 4; Workman et al, 1981, p.33);
variability of shape for open paths (Fig. 3; top plots), though less
well studied, appears no greater than for closed omes. Hence, the
present matrix of strain-path tests calls for stress measurement on
two or three different paths for each amplitude of a set that covers
a range of interest., In practice, the number of tests can probably
be cut even now by forming separate test-matrices for soil, soft rock
and hard rock. Moreover, while tests have yet to be made over a full
matrix, stress has been measured at a few laboratories on typical
paths, both open and closed (Ko and Scavuzzo, 1981; Bogart and
Schatz, 1982; Akers, 1983; Lade, 1983). Thus, with present hardware
and knowledge of strain paths, it now appears feasible to measure all

that needs to be known about material properties for accurate predic-

tion (not just postdiction) of spherical motion around buried bursts -

if the resulting stress-strain curves apply to geo-materials in situ.

This last issue cannot be decided short of in-situ measure-
ment of stress-strain curves, Strain is accessible in nearly spher-
ical fields (above), but in-situ stress measurement is frastrated
by the conflicting requirements that, at gauge faces, both tangential
straining of the medium and its shear stress be unaffected by the
gauge. After years of development, gauges are now becoming opera-
tional that can, in principle, record a principal free-field stress

without serious distortion, if the allied stress-axis is fixed and
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known (Keough, DeCarli and Rosenberg, 1976). Those gauges were "
exercised very recently, along with ground-motion gauges, in the ;;;J
- field of a buried spherical charge. Earlier, using samples of the };Ij
fﬁ medium near the charge, stress had been measured in the laboratory e

along expected strain paths; similar measurements will be made on SO

il strain-paths that the ground-motion records imply at stress-gauge L
) locations. The test plan also calls for calculation of the impulse R
delivered to material elements (using stress-gauge output) and the j;f;
: momenta of those elements (using motion-gauge output); the fractional ;};f:
n difference between impulse and momentum can presumably be ascribed , .; 3
Ef to errors in stress-gauge output. To that accuracy, differences be-
i; tween lab and in situ behavior will then be known, and sample-and- :
Ef lab test procedures can be modified in order to reduce them. %;;%
- 4. Strain Paths in Axisymmetric Fields: Surface Bursts Eﬁii"
At the next level of complexity - but a long step up - lay :1;-j

axisymmetric fields calculated for surface bursts on layered and

homogeneous media. Yet, study of those fields soon showed (Workman

et al, 1978) that they were much simpler, in one respect, than for

general torsionless axisymmetric motion (i.e., with no rotation about "*."‘1
the symmetry axis): Near the ground surface, at distances 1.5 )
crater radii from the burst, hoop strain is the smallest principal
strain by a factor almost always >4 and usually >8; for the few
pertinent strain paths that have been measured, the factor is larger
still, Hence, in the region noted, deformation can be approximated
as plane strain (no hoop strain). Strain paths then do not wind and
twist through principal-strain space, but occupy just a single plane;
for any material element, the hoop-strain axis is normal to that
plane, which, in physical space, therefore runs parallel to the plane

A that contains both the element and the axis of symmetry. As in
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the case of strain paths for deep bursts, this simplification too fﬁfﬁu
X R
Pl has geometric roots: When a wavetrain passes through matter, .-'4
torsionless axisymmetric motion becomes planar as horizontal range f;;ﬂ]
SRR

becomes large relative to wavetrain-length (and to displacement).

l. In plane A, the more compressive principal strain and the
more tensile are denoted e¢_ and € respectively; hoop strain = €n- ;:;;3
The upper left-hand plot of Fig. 5 shows, typically, that € is SR
small near the surface in calculated fields, relative to €, Or e_. D
*: However, with e_ as abscissa and €, as ordinate, near-surface AO:‘
strain paths present patterns much more diverse than those of deep Lo
bursts. The kind of pattern seen most often (over 3/4 of the time) - iff;l
also represented in Fig. 5 (top, center and right) - starts with ]
compressive, nearly-uniaxial strain (along the ¢_-axis); then,

slight-to-full uniaxial recovery is cut short by a cross between

pure shear and uniaxial stretch (along the ¢, -axis). Such overall

+
patterns are often the net result of many brief excursions about

them, in which discretization error plays no small part. On the

few paths measured, uniaxial stretch prevails over pure shear, and
there are relatively few jogs about the overall path-direction

(Fig. 5, upper right); strain axes rotate through a large angle
during the switch to uniaxial stretch (which thus can even amount to
a final stage of initial uniaxial strain, though we see no reason to
expect paths that simple).

The strain-path qualities noted are expecially in evidence
up to the time, tD’ when peak downward vertical displacement occurs.
That period has been one of prime concern over free fields. Until
time ty, simple strain paths are found over most of the field and

not just on its near-surface region. In particular, let the field

29
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be divided into two parts by a right circular cone, C, that opens
downward and has a vertical axis, a half-angle of 450, and a vertex
above the burst point at a height of one crater radius (Fig. 5,
lower left; Trulio and Port, 1982)., The near-surface region, de-
noted "I'", lies entirely outside C. Inside C and down to about ten
crater depths (region II), the paths followed up to time t, are open
ones like those generated by deep bursts (section 3 above) except
that compressive uniaxial strain is followed not by pure shear, but
by a combination of shear and volume expansion; for both layered and
monolithic sites, Fig. 5 shows that, on region II, patterns in the
(e_,e+)-p1ane (lower right) do resemble those at the top of Fig. 3,

and that ¢ ~e, (bottom, center). We note also that inside C (except

h
for a small region where ejecta form), peak displacement and peak

vertical displacement both occur at time t While these results

D"
hold for all calculated fields known to us, pertinent measurements
on region II are being attempted for the first time in an explosive

event, as this 1is written.

Strain paths are degpicted in Fig. 6 over a key part of a
field calculated for a chemical burst on monolithic desert "allu-
vium", Paths like those just deemed typical of region I, and like-
wise II, are evident in the figure; not shown, but verified, is
near-equality of €L and €, for the plots that apply to region II
(e.g., one path of Fig. 5 (bottom, center) belongs with those plots).
On a given path, 'v" marks the point of peak downward vertical dis-
placement due to initial loading and relief; larger downward displace-
ments occur much later in a few cases and point v was not reached
in a few others. With rare exceptions motion grows more complex as
it unfolds, and discretization error probably accounts more and
more for the paths' detailed wriggling. However, it is not known
how exact paths for the problem posed differ from these, because a)

exact solutions to such axisymmetric problems are lacking and b) time-
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it a maximum output of sixteen ideally redundant paths. Six clusters
were emplaced at the same small depth along two horizontal lines,

2%, 3-3/4 and 5 crater radii from the burst. Over the 44 paths
actually obtained after gauge attrition, initial uniaxial strain was
clearly followed on 20 by uniaxial stretch, on 6 by shear, and on 5
by a mixture of shear and stretch; as many as 13 had unexpected
shapes (of those, all but 2 were computed using one suspect gauge-
record or more; most of the gauge canisters proved to be incomplete-
ly grouted to the medium, but no relation was seen between bonding
and gauge-record-quality; also, as measured by one extra gauge in

each cluster, hoop motion was not significant).

A sizable and unvarnished sample of the measured paths is

PR AR A A T - T TV RN M '~“\'-f:-*.T
marching methods give numerical fields whose slow, non-uniform 7;325
convergence makes it very expensive to put close bounds on their _;;;_Q
errors by mesh refinement. Larger errors than in Fig. 6 are likely g!_;
to enter the paths of Fig. 7, which were calculated for a layered . ji
alluvial halfspace. While most patterns in Fig. 7 still show typical - };
region-1 features beyond time tys they tend to be more elaborate than ';;TH
in Fig. 6 even to that time; layering no doubt has such an effect, c
in which case the effect itself is an added source of numerical error. :’;_{

Measured motion is also subject to error, and to the further :47 ]
realities of local inhomogeneity and global asymmetry. Still, in o
the main, we obtained strain paths like those connected above with
region I when the first (and only) attempt was made to measure them
in situ (Trulio, 1982). For that purpose, a cluster of gauges was -J.-~«
deployed around each point M of strain-path measurement: Horizontal RO
and vertical velocities at three points of the plane A (above) ii;;i
define a spatially linear field over the triangle formed by those ;;iﬁ?
points - and hence an instantaneous strain rate at M. Since redun- fﬁi;i
dancy is needed both as a hedge against gauge failure and for error
assessment, each cluster actually contained four gauge-pairs, giving

]
1
L
' e N
TR

> ' L
FLPLA AR . R LN A
P . e e e, . ST e
LR IR PRSI By D RN ST TN SRR DAL IS

s a0




ToTT T -H w vonn e, 1\..«14 RO M v v Yo AT T vy , .4 .¥
V -. ..... ! i N S 4 ® N .
' : f Y f [ ] [ ] ) , .
ST ! -. r. ....... X T . .- i | i ' ....
\.4\
.N )
3 e
*2U0JISJITJS pue 3uoIspues ‘a[eys R
" ¢pugs ‘Aeyo 2pnIoUT S[ETIIIEUW 19fey "319Yy pasn 2ae g +3814 JO SUOTIUIAUOCD pUE UOIIEIOU . .
3 ayr -3selqaly Ied[onN Aq papeort asedsjieH poiake] e UF Syleqd uyealg-1edyourig pale(ndiey °f aan814 SR
_.
.
.
4
—
— et ®
1000° 1000° 1000° 000" 000" ..m
' * b \)1..(/\|_I ~
) .
; Z}r | ° .
. b
. g
' -
— y— Sm— e ] [y .
1000° . 1000° oM SO0~ £000" %‘.. 2
) 3 . A ¥ %
= | 2 Y,
14 w .....
[=] T
= .
® "t
——_——t ==t Yot [S [— 7
$000° 1000° 000" 000" $000° "
= & ] . —— | \ e A
v
—d ey o
s00° 00" 500° 10° 10° o
] ® [ . .
*¥8E 9=4 410" S=¥ 96" ol w0E" €=y aSTT=H  W®
]
[
S
P e




T I o W amuan Jumn -
T A S DS AR St Mt it e it I S ——— ——

shown in Fig. 8. The top and middle rows of the figure, respect-
ively, contain ideally redundant paths from clusters on the same
line, 2% and 5 radii from the shot; the two leftmost paths on the

bottom row came from the central cluster on that line, while the
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rest are from different clusters on the other line., The one
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(e+,eh)-path shown for each path location of the figure is typical
of the clusters in that row (the curve at the bottom right and the

Py

one next to it are orthogonal projections of the same path). The
similarity between most (e+,e_)-paths of this set, and those of 7
Figs. 6 and 7, is plain, and one of their more notable differences -

L

is pleasing: the measured paths are less spastic than those cal-

R

hond

culated.

Ejecta come from the upper reaches of a 'crater region", .
denoted III in Fig. 5, of the same shape as the apparent crater T.P_,
but having 1.5 times its radius and depth. Up to time ty region el
III bears such high overpressures in nuclear bursts that shear

v .
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stress can probably be ignored there for many media; if so, then :;i;i
plate-slap and hydrostatic experiments in the laboratory can

T
4.2 a4

supply the region's essential constitutive properties. Moreover, i

)
LN

the methods used to measure stress-strain curves for deep bursts ol

‘2 s

¥

(section 3) should serve equally well in region II. On region I, -~.
however, it is much harder to measure strain (as just seen), while
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laboratory measurement of stress is essential because (like strain)
it has fixed, known axes only in the hoop direction, and very close

to the symmetry axis, | ‘V

(4
,
1
.

Observed axis-rotations omn region I, which are plotted in
{: Fig. 9 for each (e_,e+)-path in the two top rows of Fig. 8, again

TSreveN

;' follow a general pattern. That pattern covers a host of detailed

P

shapes, and is not fit by some rotations, but is nonetheless wide-
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spread and distinctive enough to restrict sharply the kinds of
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stress-strain curves needed for surface-burst prediction. Specifi-

s 00

b ‘ cally, the angle 6 from the upward vertical in plane A to the ¢_-axis
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quickly assumes a value % dictated by the normal direction to the
wavefront (only e-eo matters; the vertical is an arbitrary refer-

ence line)., Then ¢ decreases to a minimum emin’ and increases to

D’ The

angles eo-amin and emax'oo vary from path to path, as do the

a value emax>eo that persists until well after time t

(e_,e)-changes subtended by e and L In fact, the basic

o’emin ax’
pattern in the (e_,e+)-p1ane (Figs. 6-8) itself contains vari-
ables - principally amplitude, degree of recovery from initial uni-
axial compression, and the proportions of pure shear and uniaxial
stretch in subsequent deformation. Thus, on balance, path varia-
tions in region I appear too diverse to be covered fully by inter-
polation among measured stress-strain curves, Moreover, to force
material around given plane-strain paths when axes rotate, is

beyond the state of the art. Even in the laboratory, stress can

be measured only on prescribed principal-strain paths (though of
quite general shape). Indeed, up to now, models of geo-materials
have all been based on stress-strain tests with fixed stress

and/or strain axes; the models' ability to deal with axis-rotation
has not yet been put to any direct test - a large gap in model
validation.

Even before laboratory equipment is developed to effect
prescribed rotations of plane-strain axes, stress can be measured
in situ on principal-strain paths like those of Figs. 6-8, and
compared to corresponding laboratory data. In particular, Cylin-
drical In Situ Test (CIST) events generate such paths when they
drive cylindrical radial motion. In each of the many CIST events
to date, chemical explosive filling a borehole has been detonated
all at once (ideally) along its vertical centerline. On any plane
bounded by the centerline, a roughly triangular region T is formed
by that line and two others, namely, the lines on which a first-
arriving wave from the cavity meets first-arriving waves from 1)
the ground surface, or ii) the bottom of the charge-hole. 1In a
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homogeneous medium of suitable isotropy, radial cylindrical motion
lasts at each point of T for a time proportional to the length of
explosive. Such motion proceeds in stages much like those out- .o
lined above for spherical fields near charges (section 3), but Tk
with one basic difference: No two principal strains are equal;

instead, one of them (vertical) is zero, and only plane strain i;ii
occurs. Thus, the initial stage of compressive radial strain (e )
and possible uniaxial recovery, gives way to hoop stretch (e+),

in qualitative agreement with the typical region-I pattern.

To obtain paths at points of T, we turned to two computed °
fields (few pulses have been measured on T in CIST events). The '
two fields differ in the pressures reached by their assumed ex-
plosives (noted in Fig. 10). Figs. 8 and 10 make quite plausible
the use of CIST events to generate (e_,e+)-paths like those of F’l-f
region I; further, since stress axes are fixed and known where -
such CIST paths occur, stress can be measured there. Hence, while
new hardware is needed to deal with strain-axis rotation, only ;;:i;
paths on region IV (a zone of transition between spherical and ke

plane strain) appear unsuited to stress-strain measurements.

5. Agenda for Strain-Path Modeling ;%f;;

For surface bursts, the near-term goals of strain-path work

L are i) to better define the bounds of regions I-III and the paths

: found on those regions, ii) to pare the set of path-shape parameters
that now apply to each region (e.g., by finding relations among
them), and 1ii) to divide geo-materials into classes (e.g., soil,

{; soft rock and hard rock) within which strain paths form relatively ;skka

: simple sets. For these purposes, calculations can be almost as ﬁjL;;

effective as measurements, and offer timely access to fields in ;
highly diverse media. Still, strain paths must also be measured in. ;5;§§4
situ, if only to confirm more fully that burst geometry is the main Qiifﬂ
Y
e
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determinant of their patterns. That task, and also the day of

reliable models, would be speeded if strain paths were measured
in situ by a simpler, cheaper scheme than the cluster method -

but one no less clean in principle.

For near-surface paths (region I), measuring all stress
components is not feasible outside the laboratory. Even there,
controlled strain-axis rotation must first be achieved. Meanwhile,
hoop stress can be measured in situ; so can cylindrical radial
motion and its principal stresses, in CIST-like events. To obtain
the resulting stress-strain curves in the laboratory as well, is
both the immediate reason for seeking improved sample-and-test pro-
cedures, and the proof that they work. Still, such proof, for
which the curves in question are key (from CIST and surface-burst
events), will not include rotation of axes unless a new way is

found to measure stress in situ.

For region II, where all calculated paths are much simpler
than on region I (through peak vertical displacement), it may be
possible to limit in-situ stress-strain measurement to one event
in each major type of geo-material. The first suitably-instrumen-
ted shot was fired in dry desert alluvium; {ts data (not yet avail-
able) extend from region II into region III. On strain paths in
region IV, only hoop stress seems measurable C(e+,s_)-axes rotate,
and strain is not plane], but even a subset of stress-strain curves
puts a needed rein on models, Further, all stress-strain curves
measured fﬁr in-situ material, either directly or by proven labora-
tory methods, become part of the strain-path model for that material.
In addition, some of them form the data-base for mechanistic models -
and predicting the rest is both the measure of such a model's value
and a guide to its improvement. Laboratory stress-strain curves
meet these needs about as well as curves measured on site;
for, even if the two sets of curves differ appreciably, both apply

41
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to real geo-substances (measurement error aside).

When a mechanistic model truly predicts the stresses meas-
ured along key strain paths, it then remains to measure its accura-
cy in predicting actual ground motion and stress in a surface-burst
event., Thus, each such event is both a source of in-situ stress-
strain curves and a gauge of model-accuracy. However, for the
first one (in dry alluvium; above) the prior steps of laboratory
measurement of stress on key strain paths, and evaluation/adjust-
ment of models, were not taken. They should be carried out for
future events, of which a surface burst now appears most cost-effec-
tive: Besides its twin uses (just noted) in developing models of
such events, it can also help to validate models for contained,
nearly spherical bursts, whose strain paths share basic properties
with the paths of region II.

Much of this agenda is designed to boost knowledge of strain
paths in surface bursts to a level already reached for contained,
nearly spherical ones. At that level, generating new strain-path
fields is secondary: For contained bursts, the main task is to fix
the accuracy of ground-motion predictions made with models based
on radial and hoop stresses measured in situ (and perhaps in the
laboratory) along paths typical of Fig. 3. Clearly, such models
bypass the questions of mechanism that dominate conventional model-
ing. Yet, success with strain-path methods will not obviate those
questions, At a minimum, more insight into response mechanisms
will permit more accurate interpolation among stress-strain curves,
thereby reducing the number and cost of the curves needed for
strain-path models. Also, though the set of curves required for
free-field prediction 1is surprisingly small, it is clear (for
surface-bursts at least: above) that models must have some power to
extrapolate from the curves that are measurable. By design, strain-




path ‘modeling reduces the need for such power; critical stress-

strain curves are furnished by experiment. As a result, full ;:ffﬁ

advantage can be taken of mechanistic models, without letting .‘_
their faults limit the reliability of ground-motion predictionms. '

Progress in modeling would be more rapid i1f complexity
implied understanding. As it is, no two sites are identical, and
the mechanistic models used to predict genmeral ground motion are

quilts whose every patch is intricate. Hence, while geo-materials
are mechanically complex, we forgo knowledge of their dynamics L
when we try to apply all-purpose models to explosions in the earth, ;ji'“
without showing that each mechanism in a given model really does :
affect key stress-strain curves as the model says. However diffi-
cult, such validation of each major model-element is the sine qua
non of mechanistic modeling. Yet, for nearly spherical fields -
and hence the source problem in nuclear monitoring - that task is
of lower priority than strain-path modeling because:

i) The pertinent spherical strain-path fields are known
and simple.

ii) It is practical - now - to measure stresses on those
paths, both in situ and in the laboratory.

There is little reason and no need to press on with unval-
idated models and postdiction. Headway will be made more surely,
steadily and quickly by using already-adequate resources to create
strain-path models - i.e,, to a) measure stress in the laboratory

on key strain paths, b) evaluate mechanistic models by comparing

their stresses to those measured, c) modify a convenient mechani- Zﬁifﬂ

stic model, arbitrarily, so that it fits the measured stress-strain

curves, d) measure stress and motion in situ, e) deduce in-situ
stress-strain curves, and f) adjust sample-and-test procedures so
that in-situ stresses are obtained in the laboratory. The accuracy
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of the strain-path model [c)] is then found by comparing predicted

g‘ and measured [d)]‘stresses and motions; so is the accuracy of the
o stress-strain curves given by current mechanistic models - a true
b .

N overall test of their validity.

"o

o A pass or two through steps a)-f) will tell us, for any

given medium, how accurately buried bursts can be defined as

seismic sources, and how to predict them that well (three media
predominate in nuclear monitoring). The process has begun for dry
alluvium (a fourth medium), in which a buried 20-ton charge was ®
fired. Step e) is now being taken with data from that shot, but f
sustained support is needed to see the cycle through step f) and
final model-evaluation. Then, along with nuclear monitoring needs,
the goals of several organizations can be served by repeating
steps d) and e) for a near-surface burst. In addition, since a
pregnant set of stress-strain curves is measured in steps a) and :tﬁ;
e), strain-path modeling is likely to prove an efficient way to s

learn about the mechanics of geo-materials - and whatever is

learned will take a form of direct use to those concerned with

explosively driven ground motion.
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APPENDIX "irf‘

At first, equations for elastic-plastic behavior were added RN
to those previously developed for hydrodynamic motion. The ' '
constitutive models then featured i) general (nonlinear) elastic 3
hydrostats and a linear elastic description of shear, giving way : ’
to i1i) plastic flow at prescribed limits of shear strength, in

accord with one flow rule or another. Also, iii) transitions
between condensed and gaseous states were made hydrostatically; to ®
deal with porous solids, iv) the hydrostats were further generalized '
to encompass inelastic volume changes during compression (''compaction'').
Elements 1i)-iv) still form the backbone of computational
models of explosively driven earth motion. However, a major
conceptual step was taken by requiring that the stress-strain
relations for compaction, shear failure and elastic deformation 3
conform to Drucker's postulates. Equations for those three modes L
of deformation, which had been stitched together largely on an ad '
hoc basis, then form a single, internally consistent set. Yield
surfaces expressing the limits of material strength in shear and RS
compression, occupy a central place in that set. By allowing yield ;;:;;*
surfaces to vary during shear failure, inelastic strains can be held
to realistic levels for frictional materials - a major reason for
moving to Drucker's postulates. Though a part of the apparatus
for describing lnelastic deformation (of which flow rules are
another part), the growth and shrinkage of yield surfaces (''harden-

ing" and "softening') make possible such wide variations in
material behavior as to form a fifth basic element of the models f;ﬁf:
(element v)). -y

Both yield surfaces and hydrostats are affected by shock -

heating. Those effects are hsually small (shocks from bursts jfj:ib
decay rapidly as they travel), but are included in the models | .‘i;
(element vi)). With regard to hydrostats, the laws of thermo- R
dynamics provide a basis for so doing, whereas estimates of thermal f:Sfﬂ

effects on strength have largely been guesses.




Other processes are now described by the models in ways
that lie outside the framework of Drucker's postulates. Prominent

B among them is tensile failure, as distinct from cracking in shear

ki equations for crack nucleation and spreading, and also for the CifFﬂ

2 (element vii)). Present models of tensile failure include :5315

- changes in strength and moduli that attend crack damage. Those Ry

. equations are ancillary to the rest of the model (elements i)-vi)). o

So are equations for multiphase flow, of which there are at least | !

three major sets: viii.a) pore-air equations, describing the

i; flow of air into or out of the ground, where it interacts - :
thermomechanically with particles of earth; viii.b) equations for

. the diffusion of water through networks of cracks in rocks, with

. attendant thermomechanical effects; ix) equations for the sweep-up

?‘ of dust and debris from the ground surface by burst-induced winds. ‘e
£ The development and use of models incorporating all these f
% elements was well under way ten years ago. It has since been Eﬁfkf
f_ made clear that soils, at least, can depart from the normality ot i
Ei condition to which Drucker's postulates lead (when taken with certain ~79,-;
other assumptions). Hence, modelers are now free not only to ';'.t'
employ yield surfaces that vary widely in any given material ;iﬁ-ig
element, but to relate increments of stress and inelastic strain ;ﬁi};ﬁ

in ways that are independent of their variable yield surfaces. In

short, the flow rule has become a tenth model-element (element x)).

More recent is element xi) - '"subsidence' - a relative of the shock-

damage idea; in this case a shock breaks down a lightly cemented U“;’
matrix of saturated granular material, and the resulting particles 4
settle (under gravity) to a relatively well-packed state - leaving
a relatively large crater. Many current models also describe

rate effects (element xii)), for which we note here only the vast ‘
range of modeling possibilities they open: a) Stress incre- ;;,,fu
ments beccme linear combinations of both the incremental '
strain and strain-rate tensors (though the usual constitutive
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tensor may ''simply'' become a function of strain rate if causality
is strictly enforced), and b) both the flow rule itself (element
x)) and the hardening/softening yield surface become functions of
strain rate. Another fairly recent part of models is tectonic
energy release (element xiii)); an older part provides for
orthotropy in layered media (element xiv)). Moreover, when

media are heterogeneous, site structure allows some freedom of
model-variation; that structure, never exactly known, has to be

idealized.
Rarely are all these elements used in one calculation,

but most of them often are - and the complexity of the individual
elements has hardly been hinted at. As a small example, nonlinear
elasticity calls for a) definition of strain energy as a function
of at least the three strain invariants, b) knowledge of how
yielding (Bjork 1972, p.5,6) and cracking affect that function,
and c) its integration into models that include heating and rate
effects. Each of these items is dealt with in full by all models,
but mainly by default: The many material-specific functions they
entail are almost unknown for geo-materials - as is the cumulative
effect of myriad decisions (and non-decisions) modelers make about

such items when a specific geo-material is modeled.
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